Role of electron-electron and electron-phonon interaction effect in the optical 

conductivity of V0 2 
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We have investigated the charge dynamics of VO2 by optical reflectivity measurements. Optical 
conductivity clearly shows a metal-insulator transition. In the metallic phase, a broad Drude- 
like structure is observed. On the other hand, in the insulating phase, a broad peak structure 
around 1.3 eV is observed. It is found that this broad structure observed in the insulating phase 
shows a temperature dependence. We attribute this to the electron-phonon interaction as in the 
photoemission spectra. 

PACS numbers: 71.30.+h, 71.20.Ps, 71.38.-k, 79.60.-i 



i 

CO 



I 

C 

O 

o 



> 

m 
m 
m 
o 

O 

03 



O 

o 



X 



I. INTRODUCTION 



The metal-insulator transition (MIT) is one of the 
most interesting phenomena in the strongly correlated 
electron systems^ VO2 is well known for its first-order 
metal-insulator transition at 340 which is accompa- 
nied by a structural transition. In the high temperature 
metallic phase it has a rutile structure, while in the low 
temperature insulating phase (Mi phase) the V atoms 
dimerize along the c-axis and the dimers twist, resulting 
in a monoclinic structure. The magnetic susceptibility 
changes from paramagnetic to nonmagnetic in going from 
the metallic to the insulating phase. Hence, this transi- 
tion is analogous to a Peierls transition. In the early 
stage of the study for the MIT in VO2, Goodenough ex- 
plained the MIT based on a simplified band model. 3 The 
V 3d tig level is split into the d|| and 7r* sublevels due 
to the tetragonal crystal field. The tt* bands are hy- 
bridized with the O 2pn bands and are pushed upward. 
The (iii band is rather weakly hybridized with the O 2p 
band and has the lowest energy among the V 3d bands. 
In the metallic phase, the ir* and d« bands overlap and 
are partially filled. In the insulating phase, the tt* bands 
are shifted upward and the dn band is split into two sub- 
bands. As a result, the tt* bands become empty and 
the lower dn subband is completely filled^ However, this 
picture was criticized that only with the lattice distor- 
tion the optical gap of 0.6 eV— cannot be reproduced and 
the importance of electron correlation effect was pointed 
out based on the cluster calculations. 6 Zylbersztejn and 
Mott claimed that while the insulating phase cannot be 
described correctly without taking into account of the 
electron correlation effect, for the metallic phase of VO2, 
the screening effect of the tt* bands on the d\\ bands is 
important i 

On the basis of local-density approximation (LDA) 
band-structure calculation, Wentzcovitch et al& con- 
cluded that the insulating phase of VO2 is an ordinary 
band (Peierls) insulator. On the other hand, Cr-doped 
VO2 or pure VO2 under uniaxial pressure in the [110] di- 
rection of the rutile structure has another monoclinic in- 



sulating phase called the M2 phase. In the M2 phase, half 
of the V atoms form pairs and the other half form zig-zag 
chains. 9 While the V atoms in the pairs are nonmagnetic, 
those in the zig-zag chains have local moments and are 
regarded as one-dimensional Heisenberg chains according 
to an NMR study. 10 Based on these observations for the 
M 2 phase, Rice et alm^ objected to Wentzcovitch et al 
that the M2 phase is a Mott-Hubbard insulator and the 
Mi phase also must be classified as a Mott-Hubbard insu- 
lator. More recently, several theoretical studies have been 
reported for the MIT of VOz. 12 ' 13 ! 14 ' 15 However, it still 
remains highly controversial whether the MIT of VO2 is 
driven by the electron-phonon interaction (resulting in 
a Peierls insulator) or the electron-electron interaction 
(resulting in a Mott insulator). 

To address this issue, both of the electron-electron and 
electron-phonon interaction effects should be further in- 
vestigated. In a recent photoemission study, it is con- 
cluded that while the electron-electron interaction is nec- 
essary to produce the band gap in the insulating phase, 
the electron-phonon interaction is important to fully un- 
derstand the electronic structure and charge transport in 
V02>i£ To further understand how these effects are re- 
lated to the charge transport, it is important to investi- 
gate the detailed charge dynamics of V02- So far, several 
optical measurements have been reported for VO2 using 
bulk samples^iii^ and thin film samplesii&iS However, 
spectroscopic measurements are difficult for the metallic 
phase of VO2 with the bulk crystals because the crystals 
break into pieces when it cross the MIT>2S On the other 
hand, with the thin films, it is difficult to deduce the op- 
tical constants precisely from optical measurements be- 
cause multiple reflections between the film and the sub- 
strate should be taken into account. 

In this work, we report the optical conductivity of VO2 
at various temperatures deduced from the optical reflec- 
tivity measurements of Ti02 substrates and VO2 thin 
films grown on the Ti02 substrate. It is observed that a 
broad Drudc-like component in the metallic phase trans- 
fers to the higher energies around 1.3 eV in the insulating 
phase. We have also found that the structure around 1.3 
eV in the insulating phase shows a temperature depen- 
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FIG. 1: Electrical resistivity p of V0 2 /Ti0 2 (001) thin film. 
A jump of about three orders magnitude has been observed 
around 290 K. 



dcnce similar to the photoemission spectra and consid- 
ered that this is another evidence for the strong electron- 
phonon interaction. 



II. EXPERIMENTAL 

VO2 thin films were epitaxially grown on TiO2(00I) 
surfaces using the pulsed laser deposition technique as 
described in Ref. |2ll The film thickness was ~ 100 A, 
estimated by four-cycle x-ray diffraction (XRD) measure- 
ments and the MIT was confirmed by electrical resistivity 
measurements (Fig.[TJ, showing a jump of about three or- 
ders of magnitude around 290 K (= Tmi)- This reduced 
MIT temperature of the films is due to the compressive 
strain from the TiC>2 substrateiSi 

Near-normal incidence optical reflectivity measure- 
ments were performed using a Fourier-type interferom- 
eter (0.006 - 1.2 eV) and a grating spectrometer (0.8 - 
6.8 eV) from 5 K to 350 K. Because VO2 films have been 
epitaxially grown on the TiC>2 (001) surface, polarization 
of the incident light is perpendicular to the c-axis of the 
Rutile structure (2?_Lc). As a reference mirror, we used 
an evaporated Au film for the infrared regions and Ag 
film for the visible region. The experimental error of the 
reflectivity is less than 0.5 % for the far- and near-IR 
regions and less than 1.0 % for the mid-IR, visible and 
ultraviolet regions. A detailed procedure to deduce op- 
tical constants of VO2 from the reflectivity is described 
bellow. 

The normal incidence complex reflectivity of the two 
layer system can be written as 



FIG. 2: Reflectivity spectra of V0 2 /Ti0 2 (001) thin film at 
various temperatures. Below 0.1 eV, because the reflectivity 
of the substrate is large due to optical phonons, there is an 
interference effect between the reflection at the substrate and 
the film. 
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(1) 

where 

hf = [(nf+ikf)-l]/[(n f + ikf) + l], 
ff s = [(n s + ik s ) - (n f + ikf)]/[(n s + ik s ) + (n f + ikf)], 
f s o = [1 - (n s +ik a )]/[l + (n f + ikf)}, 
Sf = 2m(nf + ikf)dt/X, 
and 

S s = 2i:i(n s + ik s )d s /X. 

nf,kf,df,n s ,k s , and d s are the refractive index, the ex- 
tinction coefficient, and the film thickness of the film and 
the substrate, respectively and A is the wave length of the 
incident light. 

First, we have measured the reflectivity of the TiC>2 
substrates at various temperatures, and then obtained 
optical constants n s and k s using Kramers-Kronig (K-K) 
transformation. For the extrapolation to perform K-K 
transformation, we have assumed a constant value below 
0.006 eV and a power-low behavior (oc oj~ u , < a < 4) 
above 6.8 eV. The value of a was adjusted so that the 
obtained optical constants reproduced the reported val- 
ues^ at 300K.— Next, we have measured the reflectiv- 
ity R(u) of the V02/Ti02 thin films as shown in Fig. [21 
and deduced the phase shift 8(a>) using K-K transfor- 
mation. We have adopted a same assumption with the 
TiC>2 substrate for the extrapolation. At last, we have 
obtained the optical constants n/ and kf by numerically 
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FIG. 3: Optical conductivity spectra of V0 2 at vari- FIG. 4: Effective carrier number per formula unit iV off of 
ous temperatures deduced from the reflectivity spectra of VO2 obtained by integrating the optical conductivity. 
V0 2 /Ti0 2 (001) thin film. 



solving the equations obtained from the real and imag- 
inary part of Eq. (1) multiplied by the denominator of 
the right-hand side. When solving the equations, we have 
neglected the terms proportional to sin(27m s <i s /A) and 
cos(27TO s d s /A). Because the substrate thickness d s ~ 0.5 
mm is much larger than the wave length A and is not 
uniform in the scale of A, these terms can be replaced 
with their mean value zero^ 



III. RESULTS AND DISCUSSION 

Figurc|21shows the optical conductivity spectra of VO2 
at various temperatures. The MIT is clearly observed 
as a spectral weight transfer of the broad Drude-like 
structure above Tmi to the Gaussian-like peak structure 
around 1.3 eV below Tmi- The structure around 1.3 eV 
can be assigned as a Mott-Hubbard excitation, while an 
intense peak around 3.8 eV, which is observed both above 
and below Tmi, can be assigned as a charge-transfer ex- 
citation^ In the metallic phase, the value of the optical 
conductivity in the low energy region is roughly in ac- 
cordance with the DC conductivity (~ 3500 il _1 cm _1 at 
300 K). 

In Fig. 01 the number of the effective carriers (N e g(oj)) 
defined as 

N eff {ui) = ^- J\{JW (2) 

is shown, where mo is the bare electron mass and V is 
the cell volume of the one formula unit. From N e s, the 
spectral weight of the Drude-like component at 300 K can 
be estimated as 0.23 per formula unit. From this value, 
the plasma frequency u p and the effective mass m* can 



be estimated using a so-called /-sum rule, 

J (T(uj)dcj = -u? p , (3) 

where u p is defined as uj^ — Aitne 2 /m*, is taken as 
the energy for the upper limit of the contribution of the 
Drude-like component (— 2.0 eV), and n is the charge 
density (= 1 /V i.e., one electron per formula unit). Thus, 
u) p and m* /m are estimated as 3.3 eV and 4.3, respec- 
tively. These values agree well with those estimated 
from the peak position of the energy-loss function Im(- 
l/e(w)) by assuming its peak position corresponding to 
w p/ \/( e 00): r& where £ m is the optical dielectric constant 
and estimated as ~ 8 from Re(e(w)) at u> = 2.0 eV. The 
spectra of Im(-l/e(o;)) at 300 K has a peak at 1.15 eV 
and the u> p is estimated as 3.25 eV. From this consis- 
tency, we can say that the obtained mass enhancement 
factor m*/?7io should be reasonable one. For another 
vanadium oxide d 1 system Sri-^Ca^VOa, which is metal- 
lic at all temperatures, m*/mo has been estimated as ~ 
3.1 for CaVO-3 and ~ 2.7 for SrVC-3 from optical mea- 
surements^ Hence, m* /mo of VO2 is somewhat larger 
than that of Sri-^Ca^VOs. Hence, we can say that the 
quasiparticle renormalization or the electron correlation 
effect in VO2 is stronger than Sri-zCa^VOV This is con- 
sistent with the quasiparticle renormalization factor Z 
estimated from photoemission spectroscopy. They have 
been estimated as ~ 0.3 for VO2 (Ref© and ^0.5 for 
Sri-^Ca^VOa (Ref|2^), respectively. 

Using the value of u> p estimated above, we have com- 
pared the optical conductivity at 300 K with the simple 
Drude model with various 7 (scattering rate) in Fig. 
In the simple Drude model, the optical conductivity is 
given by <j(oj) = Wp7/47r(w 2 -t-7 2 ). With a larger value of 
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FIG. 5: Comparison of the optical conductivity of VO2 in 
the metallic phase with the simple Drude model. 



FIG. 6: Energy-dependent mass enhancement factor 
m* (ui)/mo and the scattering rate 7(07) deduced from the 
extended Drude model. 



7, the simple Drude model seem to fit in the higher en- 
ergy region. However, it cannot reproduce the whole line 
shape of the optical conductivity with the only one value. 
This should correspond to the energy dependence of the 
7. Then, we introduce the energy dependence in 7 and 
to* /mo using the extended Drude model. Figure H3 shows 
7(0;) and m*(u))/m at 300 K above 0.1 eV. As expected 
from the comparison with the simple Drude model, j(u>) 
increases with the photon energy and is almost propor- 
tional to uj, while the energy dependence of to* (a;) /to 
is not so large. A similar behavior has been observed 
in other transition-metal oxides^ 7,30 However, it seems 
to be a still open question why j(u>) is proportional to 
u> rather than uj 2 as expected from the standard Fermi 
liquid theory. 

Although the behavior of j(u>) ex oj is commonly ob- 
served in other transition-metal oxides, the value of 7(0;) 
of VO2 is somewhat larger compared to Sri-^Cr^VOs. 
For the case of VO2 , this feature may related to the tem- 
perature dependence of the electronic resistivity. Allen et 
alSL have reported that the resistivity of the single crys- 
tal VO2 shows a linear temperature dependence and does 
not saturate at least up to 840 K. They have estimated 
the mean free path ~ 3 A at 800 K and claimed that 
VO2 might not be a conventional Fermi liquid. When 
the mean free path is such small, description for the elec- 
tronic transport by the Boltzmann equation may be not 
valid. However, the unexpected small mean free path is 
due to the large scattering rate and hence, these features 
in the electronic resistivity and the optical conductivity 
may be related to the characteristic scattering mecha- 
nism in VO2 

Next, we would like to discuss the optical conductivity 
spectra in the insulating phase. Figure0shows the opti- 
cal conductivity spectra of VO2 in the region of the Mott- 



Hubbard excitation. The contribution from the higher 
energy peak is subtracted by assuming as shown in the 
inset. We would like to note that the peak position of this 
excitation is far less than twice of the peak position of 
V 3ci peak of the photoemission spectra (~ 1.0 eV). For 
example, the dynamical mean field theory (DMFT) pre- 
dicts that the spectral function of the half-filled Hubbard 
model has peaks at u> = —U/2 and (7/2 corresponding the 
lower- and upper-Hubbard band, respectively and that 
the optical conductivity has a peak at lu = U in the insu- 
lating region. In fact, Sri-^Ca^VOa and V2O3 have been 
interpreted within this schemei2£i2& For the case of VO2, 
the different ci-electron bands, dii and ir* bands 3 could 
be related to this transition. Because the polarization of 
the incident light is E±c, the occupied dn orbitals cannot 
transfer to the nearest neighbor V atoms along c-axis (See 
Fig. IS]). Hence, this structure is assigned to the d-d trans- 
fer to the second nearest neighbor V atoms. Furthermore, 
ci|| orbitals between the second-nearest-neighbor V atoms 
are orthogonal, this structure should be the ci||-7r* tran- 
sition between the second-nearest-neighbor V atoms. 

The spectra in Fig. [7| have the similar line shapes and 
show a similar temperature dependence to the photoe- 
mission spectra. Because the optical conductivity spec- 
tra in Fig. |3| show almost no temperature dependence 
around the region from 2.5 eV to 3.0 eV in the insulating 
phase, the same Gaussian function was used to subtract 
the contribution from the higher energy peak for all the 
spectra in Fig. [7J Hence, this subtraction procedure does 
not affect the temperature dependence below 2.5 eV. In 
the recent photoemission studyr& the line shape of the V 
3d band and its temperature dependence has been repro- 
duced by the independent boson model and attributed 
to the strong electron-phonon coupling. Using the inde- 
pendent boson model, the optical conductivity at finite 
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xS(u — £j + £/ + Aj — A/ — (/ — 2m)w ). 
This describes a transition from the initial state i to the 
final state /. N is the phonon occupation number, g$f is 
the effective electron-phonon coupling constant, which is 
dependent on the electron-phonon coupling of both the 
initial and final states, ujq is the phonon energy, e, and 
Ef are the energies of the initial and final states, respec- 
tively, and Ai and Af are the electron self-energies of 
the initial and final states, respectively. From this ex- 
pression, similar temperature dependence to the photoc- 
mission spectra is expected for the optical conductivity. 
Hence, we conclude that the temperature dependence of 
the optical conductivity is another evidence for the strong 
electron-phonon interaction. 



FIG. 7: Temperature dependence of the optical conductivity 
of VO2 in the insulating phase in the region of Mott-Hubbard 
excitation after subtraction of the the contribution from the 
higher-energy peak. 
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FIG. 8: Configuration between the du and n* orbitals. The 
occupied du orbitals can transfer to the unoccupied n* or- 
bitals of the second-nearest-neighbor V atom with the £?_Lc 
polarization, while it cannot transfer to the du orbitals of the 
nearest and the second-nearest-neighbor V atoms. Thick lines 
indicate the unit cell of the rutile structure and thin lines indi- 
cate oxygen octahedra. (Note that the unit cell volume in the 
insulating phase is twice of the rutile structure in the metallic 
phase.) 



temperature can be written by a similar expression to the 



IV. CONCLUSION 

We have studied the charge dynamics of VO2 by the 
optical reflectivity measurements. The optical conduc- 
tivity clearly shows a metal-insulator transition. In the 
metallic phase, the spectral weight of the Drude-like com- 
ponent and the mass enhancement factor m* /mo have 
been estimated as ~ 0.23 and 4.3, respectively. This 
m*/mo is somewhat larger than another d 1 vanadium 
oxide Sri-^Ca^VOs. From this, we have concluded that 
the electron correlation effect in VO2 is stronger than 
Sri.^Ca^VOs. From the extended Drude model, 7(0;) is 
rather large and almost proportional to uj. This would 
be related to the characteristic scattering mechanism in 
the metallic phase of VO2 . In the insulating phase, the 
broad Gaussian-like structure has been observed around 
1.3 eV. This would be a d||-7r* transition between the 
second-nearest-neighbor V atoms. This structure show 
a similar temperature dependence to the photoemission 
spectra. We have concluded that this is another evidence 
for the strong electron-phonon coupling. 
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